Understanding changing trends and frequency of extreme rainfall and temperature events are extremely important for optimal planning in many sectors including agriculture, water resource management, health and even economics. For people living in the Jordan River region of the Middle East such changes can have immediate devastating impacts as water resources are already scarce and over-exploited and summer temperatures in the desert regions can reach 45 degrees or higher. Understanding shifts in frequency and intensity of extreme events can provide crucial information for planning and adaptation. In this paper we present results from regional climate model simulations with RegCM3 and MM5 centered on the Eastern Mediterranean region. Our analysis focusses on changes in extreme temperature and rainfall events. We show that maximum daily summer temperature is expected to increase by between 2.5-3
Abstract.
Understanding changing trends and frequency of extreme rainfall and temperature events are extremely important for optimal planning in many sectors including agriculture, water resource management, health and even economics. For people living in the Jordan River region of the Middle East such changes can have immediate devastating impacts as water resources are already scarce and over-exploited and summer temperatures in the desert regions can reach 45 degrees or higher. Understanding shifts in frequency and intensity of extreme events can provide crucial information for planning and adaptation. In this paper we present results from regional climate model simulations with RegCM3 and MM5 centered on the Eastern Mediterranean region. Our analysis focusses on changes in extreme temperature and rainfall events. We show that maximum daily summer temperature is expected to increase by between 2.5-3
• C with an increase in warm spell length. Precipitation extremes are expected to increase with longer dry spells, shorter wet spells and increases in heavy rainfall. Model agreement for the control period 1961-1990 is higher in the southern region than in the north, perhaps due to the complex topography suggesting that even small differences in spatial scale play an important role. In addition, we notice that the chosen global model plays an important role in determining future temperature trends while the choice of regional climate model is critical for understanding how precipitation is expected to evolve.
Introduction
Some of the most worrisome future impacts of expected climate change are shifts in frequency and intensity of extreme climatic events, specifically droughts and floods. Clear changes have been shown in increasing mean annual temperature and increasing or decreasing mean annual rainfall (depending on the region) [IPCC , 2007b] , as well as in extreme events in the Middle East region [Zhang et al., 2005] and Mediterranean area [Alpert et al., 2002] . Since these extreme events can have significant and devastating impacts at the local level, high resolution climate projections have great value. Specifically, for agriculture and water resource planning, extreme rainfall events such as extended cold wet spells or long dry spells within a growing season can destroy crops and changes in rainfall distribution due to intense storms or increased drought period can have important consequences for optimal water resource planning and allocation. Robertson et al., 2007; Giorgi and Lionello, 2008; Hertig and Jacobeit, 2008; Samuels et al., 2010] . Recently, along the lines of these efforts to understand climate change at the regional/local level, multiple regional climate models at the 18-25 km spatial scale have been realized within the GLOWA Jordan River (GLOWA JR) project (http://www.glowa-jordan-river.de). This is a multi-national, interdisciplinary project focusing on sustainable water management in the region. As water resources are directly linked to rainfall, climate simulations are an important driving force for this project.
The initial results of these models have recently been presented by Krichak et al. [2010] , Smiatek et al. [2011] and Krichak et al. [2011] .
Given the importance of extreme climate events in general, and for the GLOWA JR project in particular, here we focus on identifying changes in specific extreme characteristics of temperature and rainfall. The indicators were chosen based on core indices previously identified for extreme events [Karl et al., 1999; Peterson and Coauthors, 2001; Alexander et al., 2006] as well as discussions with GLOWA JR colleagues and stakeholders who will use the results in hydrological, agriculture, and economic impact studies. The next section describes the models and data sets used as well as the study area. Section 3 describes the results of the models and presents data on extreme event frequency cal- 
Material and methods
Over the past few years, the use of ensembles, or a combination of multiple climate model results, has been suggested as a way to get improved probabilistic simulations of future climate change [Collins, 2007] . These probabilistic scenarios can help better assess risks and are useful for planning and devising mitigation strategies [Lopez et al., 2009; Stott and Forest, 2007] . Here we present the results of three regional climate simulations for the purpose of getting a sense of the range and variability of expected climate change.
A range of model specific results as well as ensemble averages are depicted. The specific study area, observed data, climate models and chosen indicators are described below.
Study area
The study region is characterized by steep temperature and precipitation gradients both due to its complex terrain (ranging from over 2800 m to -400 m) and its location at the intersection of Europe, Asia and Africa where it is impacted by many climatic systems. The wet season extends from Oct-April, followed by hot dry summer months.
There is high inter-annual rainfall variability ranging from 60%-125% of long term annual average [Alpert et al., 2008] , limited water resources [Gvirtsman, 2002; Tal , 2006] , and summer heat waves [Saaroni et al., 2003] . Understanding the impacts of climate change on precipitation and temperature in the region is important for optimized planning of limited water resources, agricultural planning and preparation for heat induced health impacts, among other things. While most of the IPCC models simulate a decrease on rainfall in the Mediterranean, the variability between the model projections is very high [IPCC , 2007b; Mariotti et al., 2008] hence the need for higher resolution models.
The nested regional models, which are driven by initial and boundary conditions of a single GCM, cannot obviously reduce the uncertainty between the different GCMs.
However, the GCMs provide simulations at very rough spatial scales 100-300 kms. Many of the processes responsible for rainfall occur at much more detailed resolution, especially in the study region where orographic rainfall is so important. The nested models have the capability of capturing processes that the GCMs miss (due to their spatial resolution) and hence have the ability to represent rainfall much more accurately than their GCM counterparts.
In this research, we have chosen two study regions based on larger and smaller regions 
Climate models and observations
Recently, simulations from regional climate models focusing on the Middle East in general and the region of Israel in particular have been generated as part of GLOWA JR. global climate change simulation experiment from 1850-2100. [Pal et al., 2007; Krichak et al., 2011 Krichak et al., , 2010 . Table 1 shows a list of the different models, spatial scale and main references for their configurations. In the results section only 3 simulations are presented:
(1) ECHAM5-RegCM, (2) ECHAM5-MM5, which include both MM5 simulations and (3) HADLEY-MM5, which again includes two actual model simulations. All models results are based on the future IPCC A1B scenario which assumes technological emphasis and a balance across all energy sources.
In order to better understand the skill of the model simulations for the past period, we have performed comparisons with three observed data sets: (1) point data from past observations at four meteorological stations (2) gridded precipitation data provided within GLOWA JR [Menzel et al., 2009] and (3) an additional gridded precipitation set from the third version of the European daily high-resolution (E-OBS Version 3.0) data for surface temperature [Haylock et al., 2008; van den Besselaar et al., 2011] . Both gridded data sets provide data at daily temporal resolution. GLOWA JR data were aggregated to 0.25 degree resolution so that they would be compatible with the E-OBS dataset.
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Chosen indicators
Climate change, in general, and the occurrence of extreme events in particular, is likely to impact environmental, health and other societal aspects. In this paper we focus on the changes in extreme temperature and precipitation events that have been identified as important for agriculture and water resource planning (precipitation) as well as having social and economic impacts (temperature). Specifically, as the research in this manuscript was performed as part of the GLOWA Jordan River project, these specific indicators were chosen after discussions with stakeholders, agriculturists, scientists and other professionals who are part of the project. The list of chosen indicators is presented in Table 2 . It follows the recommendations of the World Meteorological Organization (WMO) [WMO, 2009] . to that period. Evaluation of model results for the years show that seasonal and annual trends determined according to the results of the experiments are comparable to CRU [Mitchell et al., 2004; Mitchell and Jones, 2005] gridded observational reference data [Krichak et al., 2011] and GLOWA/E-OBS data [Smiatek et al., 2011] for the same years.
Results

Initial
In this study we focus on extreme events. These events occur at the daily level and so our analysis will focus on the change in number of days per year over specific time periods, or changes in frequency or intensity percentages between two time periods. For comparison with observed data, we present in Table 3 the statistics of the chosen indicators at four rainfall stations located through out Israel (Figure 1 ) as well as observed vs. ensemble mean statistics over the different study areas (Table 4) . Extreme values for the stations (RR10, RR20, R75pTOT and R90pTOT) are slightly higher than for the averaged areas, however, this is expected as averages naturally smooth out the peak values. In general, there is strong agreement between the gridded observed data sets and the ensemble means.
Evaluation
Given the vast amounts of results generated, we have chosen to present them either as maps for the larger area D or mixed ensemble probability distributions (PDF) averaged over the smaller areas A and B for precipitation and C for temperature. The PDFs were smoothed applying the gaussian kernel method.
Absolute and percentile based temperature indices
There are many different ways to depict and understand changes in temperature. One Table 2 ]. 
Absolute and percentile based precipitation indices
Impacts of expected change
In addition to the direct effects of rainfall changes on the number of consecutive wet days and consecutive dry days, these trends have important implications for agricultural decisions as well as understanding changes in expected soil moisture and evaporation. The decrease in average rainfall combined with an increase in heavy rain days or rainy periods D R A F T October 28, 2011, 1:50pm D R A F T suggests a shift in the patterns of rainfall distribution. Less light rainy days and more heavy rain days have implications for crop growing both in terms of the seasons available for planting and the types of crops that can be planted efficiently. Also in terms of water management, the rate of infiltration into the aquifers will change as soil moisture and conductivity is altered. Also, the chance of flooding increases with potentially more water lost to the sea. For the Sea of Galilee, the most important water resource in the region, the changes in temperature and wind which effect evaporation along with the changes in rainfall threaten to change the biological make-up of this natural reservoir [Rimmer et al., 2010; Hambright et al., 1994] . In addition, some natural plant communities may become vulnerable to invasive species due to reduced rainfall [Har-Edom and Sternberg, 2010] With regard to temperature increase, the biological diversity and distribution of mammals in some regions may be impacted as some species are not able to sustain the higher temperatures and extended hot, dry spells [Steinitz et al., 2008] . The increased warm spells are also expected to have negative health impacts on the densely populated centers located in the center and south of the region, in area C (See Figure 1) . Figure 8 shows how both summer and winter maximum temperatures and Figure 9 how the minimum temperatures are projected to shift in that area. Though the median summer maximum temperature seems to stay stable (the peak) the shift towards the right in the tails suggests that there will be more years with higher than median temperatures. For winter, the main change can be seen in the extension of the right tail, and decrease in median probabilities. This shift indicates that according to the model simulations the years with lower maximums will stay the same but the probability of a median year will decrease with an increase in years with warmer winters. This could have negative impacts on deciduous D R A F T October 28, 2011, 1:50pm D R A F T SAMUELS ET AL.: EXTREME VALUES 1. DRAFT October 28, 2011 X -13 fruit trees and other crops which require a sufficient period of cold temperature to break winter dormancy [Linvill , 1990; Saure, 1985] . 
Conclusions
We have presented results for expected changes in extreme rainfall and temperature parameters for a region in the Middle East. Previous analysis has shown consistent reductions in annual rainfall and increases in average temperature. Here we focus on changes in frequency of extreme events as they have vast implications across many sectors of society. Model specific results as well as ensemble averages are depicted in various formats so that the most appropriate representations can be chosen and understood by the impact community. In the presented model simulations it is interesting to note the agreement and differences between both the global driving models, the regional modeling schemes chosen as well as the different regions evaluated. For temperature data, it seems that the most important factor in trends and changes is the chosen Global Model, as highly dependent on local and regional processes which are not well defined in the global models. Both regional models used in this study agree about changes in precipitation in the south (moderate change) but there is a difference in the north, the area critical to the water resources of the region. 
